Hypoxia-related mechanisms are important in tumor biology and immune responses. Oxygen is delivered to tumor tissue by blood flowing through abnormal and dysfunctional microvessels, resulting in heterogeneity of tissue oxygenation within the tumor. Hypoxic conditions play a role in directing angiogenesis, guiding immune cells, and inducing tumor metastasis. Mimicking such oxygen gradient in in vitro cellular experiments is important to clarify the mechanisms involved in tumor biology. Previous research has led to the development of cell culture devices that generate an oxygen gradient, but it was impossible to monitor the oxygen gradient during cell culture. In this study, we designed an open-well polydimethylsiloxane (PDMS) microfluidic device integrated with an oxygen-sensitive film, which permits oxygen measurement around cells and molecular analysis after cell culture experiments. Mathematical simulation and phosphorescence-based partial oxygen measurements show that the gradient can be controlled by changing the oxygen gas concentration inside the microchannels, according to the requirements of various biological models. A monoculture of endothelial cells exposed to an oxygen gradient in the device showed increased expression of oxygen-responsive genes in the hypoxic area. These results suggest that our microfluidic device can be used for in vitro experiments such as gene expression and migration assays. We believe that this new device is a powerful tool for studies of tumor biology and immunology.
Introduction
Oxygen molecules captured by the lungs are distributed to the tissues through the peripheral circulation and are used to maintain bodily functions. An oxygen gradient is formed between the vessels and tissues, and it is becoming clear that this difference in oxygen concentration is an important factor in determining cell function. For example, tumor tissue is known to be partially hypoxic because of immature vascular structures and excessive energy production [1] . Some reports have indicated that this hypoxic condition is implicated in tumor metastasis, angiogenesis, and immune cell function. For instance, endothelial cells migrate in response to hypoxia and form neovasculature [2] . The metastatic ability of tumor cells is enhanced by their increasing motility under hypoxic conditions [3] . In addition, immune cells migrate to regions of inflammation in response to cytokines, which are regulated by oxygen concentration [4] .
In vitro assays are essential to clarify these mechanisms, and several previous studies have been conducted using an oxygen-controlled incubator or hypoxic chamber. The hypoxic chamber only permits stepwise changes in hypoxia over time, which do not reproduce the physiological oxygen gradient [5] . Various microfluidic devices fabricated by soft lithography technique have recently been developed [6] , and some new devices capable of generating an oxygen gradient have been reported. To generate an oxygen gradient, chemical reactions [7] and gas diffusion [8, 9] have been utilized. However, these devices have a complicated structure, and the cell culture compartment is sealed, rendering them unsuitable for gene expression analysis. Although an open-well model device has been reported [10] , pO2 sensing during cell culture cannot be performed. We previously described the development of a co-culture microfluidic device that incorporates an oxygen gradient [11] . However pO2 monitoring during cell culture was not performed in that study. In addition, the gradient range was limited, and gene expression analysis was not considered.
In this study, we developed a new open-well device that generates an oxygen gradient in the cell culture chamber. The device has three key features. First, handling of protein and gene expression analysis is facilitated by allowing harvest of cells exposed to the oxygen gradient. Previous papers reported microfluidic devices, in which cells are cultured inside a sealed channel [8, 9] . In the present device, the cell culture area is open and is positioned above the gas channel, as shown in our previous model [11] , permitting easy handling in a manner similar to the traditional Petri dish or well. Second, oxygen gradient can be monitored during cell culture through the polymer film that contains oxygensensitive phosphor. Optical measurements using phosphorescence lifetime enables pO2 monitoring around the cells without direct contact with the device or cells. Although adding the phosphorescent dye into the medium would lead to cell toxicity, we reduced the toxicity by mixing the dye with a polymer to create a solid dye. In addition, because we chose a highly gas-permeable polymer processed into a thin film, high spatial resolution and fast response time are possible. Third, gradient of any arbitrary configuration can be generated by controlling the injected gas concentration. In our previous study, oxygen gradient was controlled by adjusting the gas flow rate [11] . In our new device, however, the gradient is controlled by varying the O2 gas concentration, which can generate a wide range of gradients of any configuration. In this study, we estimated the oxygen profile in the device by mathematical simulation and quantified changes by optical measurements, which may be applied to the construction of various biological models.
Methods

Device design and fabrication
The open-well microfluidic device (Fig. 1) is made of polydimethylsiloxane (PDMS), which has high gas permeability and biocompatibility. The device has three gas channels, and generates an oxygen gradient between the center of the O2 channel and the centers of the N2 channels (Fig. 1a) . Compared with the single O2 channel model in our previous device [11] , addition of the N2 channels in the new device permits generation of a wider range of pO2 gradient and better control of the arbitrary configuration. In addition, the branched channel shape allows duplication. Because the gradient profile depends on the thickness of the PDMS film [12] , the oxygen profile can be controlled by changing the thickness of two membrane films. One is a PDMS membrane approximately 60 μm in thickness for sealing the channels, and the other is an oxygen sensing film approximately 80 μm in thickness, consisting of phosphor and PDMS. The thickness of the PDMS membrane was chosen for the strength necessary to withstand the inner pressure of the gas channel, and the oxygen-sensing film was slightly thicker because its strength is reduced by addition of the phosphorescent dye. The newly developed oxygensensing film enables spatial and temporal oxygen measurements in the culture area (Fig. 1c) . The device was positioned inside a hypoxic chamber, with pO2 maintained at below 0.1％ by injection of N2 gas, as previously described [11] . Oxygen gas diffused from the O2 channel in response to hypoxic conditions around the device and formed an oxygen gradient with maximum pO2 above the channel. In addition, all gases contained 5％ CO2.
The microchannel was fabricated using soft lithography technique. SU-8 (negative tone photoresist) was poured uniformly onto a glass substrate. A mold with microchannels was created by irradiating the SU-8 with UV light through a channel-patterned mask. Uncured PDMS was poured into the SU-8 mold and cured at 70°C for 2 h. After the PDMS was separated from the SU-8 mold, oxygen plasma bonding with a glass substrate was performed. The PDMS membrane was fabricated by pouring PDMS onto a glass slide and spinning at 1,000 rpm to form a 60-μm thick film. Oxygen plasma bonding was performed similarly to bond the membrane to the PDMS substrate and seal the channel. To assemble the structures, the oxygen sensing film and PDMS wall of the medium reservoir were attached by hand, without plasma bonding. The oxygen-sensing film and PDMS wall were detachable to allow cell harvesting for molecular analysis.
Fabrication of the oxygen-sensing film and
microscope setup Pd-meso-tetra (4-carboxyphenyl) porphyrin (Pd-TCPP ; Ex. 532 nm/Em. 620 nm) was dissolved in phosphatebuffered saline (PBS) with 5％ bovine serum albumin to a final concentration of 5 mM. Uncured PDMS and Pd-TCPP were mixed at a ratio of 4 : 1 (v/v) and spin-coated (60 s, 1000 rpm) to form a thin film (approximately 80-μm thick). This oxygen sensing film was irradiated with an exciting light (532 nm wavelength), and pO2 was obtained by oxygen quenching. The intensity and lifetime of phosphorescence emission are dependent on pO2, and follows a Stern-Volmer relationship, as shown in equation 1 [13] :
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where I0 and τ0 are phosphorescence intensity and lifetime, respectively, in the absence of oxygen ; I and τ are phosphorescence intensity and lifetime, respectively, at a given oxygen tension ; and kq is the rate constant of oxygen quenching. We placed the oxygen sensing film inside a closed chamber and varied the oxygen concentration over a range of 0％-21％ by mixing O2 and N2, containing 5％ CO2.The second harmonic of a Q-switched Nd : YAG pulse laser (wavelength, 532 nm ; pulse width at half maximum, 5 ns ; pulse recurrence frequency, 10 Hz ; irradiation energy, 2.5 μJ/pulse) entered the microscope and irradiated the sample at a measurement point through a band pass filter and dichroic mirror. A photomultiplier tube (PMT) with a long-pass filter was used to detect phosphorescence (Fig. 2) . Phosphorescence lifetime was calculated, and the rate constant of oxygen quenching was determined by the Stern-Volmer plot.
2･3 Simulation and measurement of an oxygen gradient
To estimate the oxygen gradient between the O2 and N2 channels in the device, oxygen diffusion was analyzed mathematically. The diffusion equation shown in equation 2, and the difference method shown in equation 3 were used. Programming language C++ was used as the simulation tool :
where time step Δt is 0.02 s, length step Δx, y is 20 μm, and the culture region measured is located 140 μm above the channel. The following specific conditions were used for the simulation : a diffusion coefficient of oxygen in water of 2.1×10 −3 mm 2 /s, a diffusion coefficient of oxygen in PDMS of 4.1×10 −3 mm 2 /s, initial condition of 21％, pO2 inside the N2 channel of 0％, and a boundary condition of 0％, using Dirichlet conditions. Inside the O2 channel, three conditions were tested : 10％, 20％, and 100％ .
Optical pO2 measurements were conducted using the oxygen-sensing film. Oxygen and nitrogen were injected into the channel and measurements were started 3 h after gas injection to allow the gradient to stabilize. Oxygen gas was injected at concentrations of 10％, 20％, and 100％. The point directly above the O2 channel was defined as d=0, and pO2 was measured at 1-mm intervals toward the N2 channel. At 20％ O2 gas concentration, pO2 mapping was conducted for the entire culture area. To calculate pO2, 40 phosphorescence decay curves were used in each experiment.
Oxygen gradient during cell culture
Human umbilical vein endothelial cells (HUVEC) and HepG2 cells were cultured in EGM-2 medium (Lonza) and DMEM (Gibco), respectively. After culture in Petri dishes, the HUVECs and HepG2 cells were seeded into the device, which was previously surface-coated with collagen, at a density of 6.4×10 4 cells/cm 2 and 17.9×10 4 cells/cm 2 , respectively, and subsequently incubated for 24-48 h until confluent. The device was then placed in the chamber, and optical measurements were started 3 h after gas injection. During measurements, the device was maintained at 37°C using a thermo heater.
Fluorescent immunostaining for hypoxia imaging
To visualize the hypoxic region, immunofluorescent staining of cells exposed to an oxygen gradient was performed using the hypoxia marker pimonidazole. Pimonidazole is reductively activated in an oxygendependent manner and is covalently bound to thiolcontaining proteins in hypoxic cells [14, 15] . HUVECs were cultured until confluent and subsequently labeled with pimonidazole at 130 μM and incubated for 3 h under an oxygen gradient. Thereafter, the cells were fixed with paraformaldehyde, and immunofluorescent staining was performed using an anti-pimonidazole antibody conjugated to FITC (Ex. 488 nm/Em. 530 nm). In addition, nuclei were stained with propidium iodide (PI, Ex. 530 nm/Em. 615 nm). Fluorescent images were obtained using a confocal microscope (Nikon, ECLIPSE TE2000-U).
Reverse transcription polymerase chain reaction
(RT-PCR) Hypoxia-inducible factor 1 (HIF-1), which is a major transcription factor in hypoxia, activates vascular endothelial growth factor (VEGF) expression in HUVECs [16] . HUVECs were incubated in a conventional cell incubator until confluent and subsequently incubated under an oxygen gradient for 24 h. At the end of incubation, the film covering the culture reservoir was removed, the reservoir was separated into 3 areas from the O2 channel to the N2 channel, and cells were removed from each area. The sense and antisense primers for the VEGF gene were 5'-CCTTGCTGCTCTACCTCCAC-3' and 5'-TGGT GATGTTGGACTCCTCA-3', respectively. The sense and antisense primers for β-Actin were 5'-AGAAAATCTGGCACCACAC-3' and 5'-TTTGAGA CCTTCA ACAC-3', respectively.
Statistical analysis
Data are presented as mean ± SD. All experiments were performed at least three times.
Results and Discussion
pO2 measurement with oxygen-sensing film
Theoretically, the Stern-Volmer equation shows that the relationship between oxygen and τ0/τ is linear. Over an O2 concentration range of 0％-21％, the r 2 value (r 2 =0.998) of a straight line fitted through the measurement points shows high accuracy of the oxygen-sensing film (Fig. 3) . Because the data are highly linear, a two-point calibration at 0％ and 21％ is sufficient for measurement. This calibration measurement provides values of τ0=0.568 ms, and kq=0.182 mmHg −1 ms −1 . Furthermore, following cell culture on the sensing film, cell morphology, adhesion, and proliferation were comparable with those observed after culture in a conventional culture dish. Although there is a possibility of leakage of Pd-TCPP, which was used to create the oxygen-sensing film, this probe is used for in vivo measurement, and thus cytotoxicity is considered to be extremely low [17, 18] . In addition, because we used a short-pulse laser, damage caused by laser irradiation is reduced.
Characterization of the oxygen gradient in the device
Results of mathematical simulation and phosphorescence measurement are shown in Fig. 4 . As the concentration of O2 gas injected into the channel decreases, the oxygen gradients change according to the gas concentration. In our previous work, the largest gradient range was 2％-18％, and gradient change as a result of changes in gas flow rate was limited. However, our newly developed device has a range of 0％-20％ (at 20％ O2 inside the channel), showing that a greater pO2 range can be generated by changing the O2 gas concentration. As a feature of the microfluidic device, the design and position of the channels are controlled accurately on a micron scale. Therefore, the gradient profile can be controlled not only by changing the gas concentration but also by altering the channel distance. Compared with our previous device [11] , increased gas channels and doublelayered PDMS films in our new device complicate the estimation of O2 gradient. Estimating the gradient profile from a mathematical simulation is essential, and actual measurements are important to finally confirm the profile. Because the oxygen-sensing film is placed in the device, both mathematical simulation and actual measurements are possible.
At 100％ O2, the measured pO2 was lower than the simulation result near the O2 channel, which was due to phosphorescence. At a high oxygen concentration, measurement of phosphorescence has limitations because the energy transfer reaction is saturated and the lifetime change is extremely small. However, at 20％ O2, the measured gradient matches well with the simulation results. In vitro experiments are primarily performed at lower than 20％ O2, suggesting that optical measurement using oxygen sensing film is a feasible method for use in cell culture experiments. In addition, an oxygen gradient is considered to exist across the depth of the oxygensensing film. However simulation results suggest that the pO2 range across the depth is less than 0.15％ (data not shown). Therefore, we consider that the influence by the thickness of the oxygen-sensing film is infinitesimally small. According to the results of mathematical simulation and pO2 measurement, we adopted an O2 concentration of 20％ for in vitro experiments because it allows generation of a pO2 range from 0％ to 20％, which corresponds to the oxygen environment in vivo.
Using this method, culture experiments under pathological conditions as well as under physiological conditions can be performed by choosing the appropriate oxygen profile for the model. For instance, a tumor exhibits hypoxic conditions and partial anoxia. To reproduce the hypoxic condition, 1％ O2 is used [5] . Because a small change in oxygen concentration dramatically influences cell function, one of the merits of the device is that cells can be cultured under a continuous oxygen profile under hypoxic condition. Two-dimensional pO2 mapping of the cell culture area is shown in Fig. 5 . This result indicates that an oxygen gradient exists throughout the whole culture area, which is sufficient for gene and protein analysis. However, the gradient of line A has a slight tendency toward hypoxia compared with that of line B, as shown in Fig. 5 . Line A is close to the culture reservoir of the PDMS wall, which has high gas permeability and oxygen diffusion to outside the culture area. Therefore, it is desirable that cells present near the PDMS wall are not utilized for cellular observation and gene expression analysis. To mitigate this effect, it may be necessary to change the material used for the wall to one with low gas permeability or to slightly increase the pO2 inside the chamber.
Oxygen gradient during cell culture
Oxygen gradients in vivo are primarily caused by cellular oxygen consumption. Similarly, the oxygen gradient profile within the device varies because of respiratory activity of the cells. The main limitation of the traditional cell culture method is a lack of consideration regarding the actual pO2 around the cells, although pO2 inside the chamber can be set arbitrarily. Figure 6 shows the results of actual measurements demonstrating a downward shift of oxygen gradient with cellular respiration.
Compared with non-culture (cell-free) conditions, pO2 decreases under cell culture conditions. In addition, the oxygen consumption rate of HepG2 cells (136 pmol/s/10 6 cells) [19] is higher than that of HUVECs (40 pmol/s/10 6 cells) [20] . This is consistent with the present finding that the downward shift of HepG2 cells is greater than that of HUVECs. These results suggest that these downward shifts depend on cell respiration. In our previous study, we measured the oxygen gradient by adding PBS containing phosphorescent dye in the absence of cells to the culture layer [11] . Because addition of the phosphorescent dye into the culture medium might lead to cell toxicity, oxygen monitoring during cell culture was not performed. In our novel system, oxygen monitoring can be accomplished by culturing cells on the oxygensensing film that we fabricated.
Furthermore, the oxygen consumption rate can be estimated from the shift in gradient. The oxygen consumption rate of cells depends on pO2 surrounding the cells, and it is well known that cancer cells adapt to hypoxic conditions by modifying their metabolism, such as by switching to anaerobic respiration [21] (Warburg effect). By culturing cells under an oxygen gradient, which allows continuous changes in pO2, it is possible to analyze whether cells switch metabolism and at which pO2 level, suggesting that the device can be applied to the field of biochemistry.
Furthermore, because the device has an open well and an open top, co-culture of several cell lines is possible. The functions of cancer, endothelial, and immune cells are determined by interactions with other cell types ; therefore, a system that allows co-culture will be very beneficial. In addition, by monitoring the oxygen gradient profile under co-culture, observation of pO2-dependent cell interactions will be possible.
Hypoxia visualization by pimonidazole staining
Images of immunofluorescent cells stained with pimonidazole following exposure to an oxygen gradient are shown in Fig. 7 . There is an increase in green fluorescence from the O2 channel toward the N2 channel, showing increasing accumulation of pimonidazole as pO2 decreases, which indicates that cells away from the O2 channel are increasingly exposed to hypoxic conditions. Pimonidazole is known to accumulate in cells with oxygen levels<1.3％. Fluorescent intensity was higher between 9 and 10 mm from the O2 channel, corresponding to O2 levels below Fig. 1b , which allows direct observation of living cells exposed to an oxygen gradient. Using fluorescent proteins to visualize the specific cells and molecules, it is possible to observe dynamic and quantitative changes in cell behavior and molecular expression under an oxygen gradient. In particular, in research on regenerative and reproductive medicine using iPS cells, a hypoxic environment determines cell behavior and molecular expression. Therefore, our new device, which can be used to directly observe cells exposed to an oxygen gradient, has great potential for future biomedical research.
RT-PCR
HUVECs exposed to an oxygen gradient were separated into 3 regions from normoxia to hypoxia, and RT-PCR was conducted to analyze VEGF expression. Beta-actin was used as the control. As shown in Fig. 8 , VEGF expression increases toward the hypoxic region. This result is consistent with established knowledge of VEGF expression [16] and suggests that the oxygen gradient generated by the device affects cell activity. With the oxygen gradient-generating device that was used in previous studies [8, 9] , cells were cultured inside a sealed channel, posing difficulties to remove cells at different pO2 points for analysis. Our novel device has an open-well structure and uses a detachable polymer film on which cells are cultured, thereby overcoming previous difficulties. Thus, gene and protein analyses can be conducted easily. In addition, unlike the step-wise pO2 changes obtained by traditional methods such as hypoxic chambers, cells can be cultured in a continuous pO2 gradient. Thus it is possible to observe using a microscope the pO2 level at which protein expression changes or to harvest cells at specific pO2 levels for analysis. For instance, the functions of immune cells are involved in several chemokine and cellular pathways. Using this device, screening time is expected to be reduced because a wide pO2 range is available using only one device. In addition, migration assays are possible by adding a pore membrane filter, allowing broad applications of this device. We propose that our device allows experiments involving co-culture, protein analysis, and quantitation of migratory capacity, which were not hitherto possible.
Conclusion
We successfully developed a microfluidic device that generates an oxygen gradient. Mathematical simulation and pO2 measurement indicate that the oxygen gradient can be varied by changing the O2 gas concentration. The oxygen gradient in the device affects VEGF expression, indicating that this microfluidic device can be used for in vitro cellular experiments. Oxygen plays an important role in several cellular pathways, including angiogenesis and migration of immune cells. This micro-device provides a powerful tool for analyses of cellular mechanisms related to hypoxia in tumor biology and immunology. 
